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a-Synuclein (aS), a small protein containing 140 amino acids, 
undergoes self-assembly into amyloid fibrils and plaques 
(Lewy bodies), which are pathological hallmarks of Parkin- 
son's disease (PD) as well as other neurodegenerative 
diseases.''! While oligomeric species of aS are considered to 
exert the neurotoxic activityP' that can be rescued by reducing 
those oligomers either by diversion to smaller oligomers'^' or 
acceleration of fibril formation, cell-to-cell transmission in 
nontransgenic mice points to a direct role of the fibrils in 
spreading the disease from peripheral to central neurons.''*' 
Understanding the molecular interactions that lead to mis- 
folding strongly relies on the availability of suited biophysical 
methods that can access the structure of these states. For the 
monomeric form, magnetic resonance techniques gave evi- 
dence for a natively disordered yet partially folded protein'^" ''' 
that upon binding to lipid vesicles adopts an a-helical 
structure.'^' When aS is aggregated into fibrils. X-ray and 
electron diffraction studies''"''' revealed that it arranges in 
a classical cross-p conformation, where the individual (3- 
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sheets arrange perpendicularly to the fibril axis with spacing 
of 4.7-4.8 A along the fibril axis and 10-11 A perpendicular to 
the axis. In particular, aS stacks in a parallel, in-register 
arrangement as revealed by continuous-wave (CW) electron 
paramagnetic resonance (EPR)''"' and more recently sup- 
ported by solid-state nuclear magnetic resonance (ss-NMR) 
spectroscopy.'"' 

The structural features of monomeric aS consist of: 1) an 
amphipathic N-terminal region (residues 1-60), 2) a hydro- 
phobic central domain, known as a non-Ap component 
(NAC) region (residues 61-95), and 3) a highly negatively 
charged C-terminal region (residues 96-140).''^' Studies from 
ss-NMR and CW-EPR spectroscopy have shown that the P- 
sheet core region is located within the central NAC domai- 
j^|io,i3a-d| extended toward the N-terminus'""''' whereas 
the C-terminal region appears less ordered. Figure 1 repre- 
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Figure ^. Top: Amino acid sequence of human aS in the NAC region. 
Mutation positions are marked in red. Bottom: Arrows indicate (3- 
strand regions as identified by ss-NMR spectroscopy, a) Light blue, 
"C„-"Cp chemical shift data from Ref [13b]. b) p-Strand regions for 
two different types of fibril forms from Ref [13a]. Cyan, form A and 
green, form B. c) Orange, from Ref [13d]. d) Brown, from Ref [14a]. 
e) Pink, mouse aS from Ref [14b]. Gray lines indicate nonassigned 
amino acids. Bars denote conserved fi-strands selected for labeling 
with methanethiosulfonate (NAC = non-Ap component). 



sents the amino acid sequence of human aS as well as p- 
strands within the NAC region assigned by different ss-NMR 
studies. All these studies identified at least five p-strands that 
could fold to generate the core unit of the fibril structure. 

One model of the three-dimensional fold of the fibril 
consisting of five P-sheets per monomer has been propo- 
sed'''"'' based on ss-NMR and cryo-electron microscopic data. 
However, long-range restraints at the molecular level in 
support of this model are still missing. Recently, we have 
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reported pulsed EPR distance measurements to determine 
the intra-molecular distance between the extremal p-strands 
in aS fibrils.''''' A pair-labeling strategy was introduced to infer 
the orientation of the standard methanethiosulfonate 
(MTSL) label with respect to the plane of the p-strand, as 
the detected spin-bearing nitroxide of MTSL is located about 
0.5 nm from the Ca of the amino acid the spin label is 
attached to. The resulting distance of (4.5 ± 0.5) nm between 
the extremal strands was consistent with the size of the 
subfilament measured in AFM and cryo-electron microscopic 
studies.''^ "''' Nevertheless the dipolar oscillations observed in 
the pulsed EPR data, used to extract distances, were very 
weak and experiments at two different EPR frequencies were 
required to exclude artifacts. Similar observations were 
reported in other recent pulsed EPR distance measurements 
on amyloid fibrils of human islet polypeptide and tau 
protein.''^^''' The challenge of these experiments is caused 
by the required labeling procedure combined with the 
structural instability of these proteins with respect to point 
mutations.'"' To date, despite the wealth of NMR and other 
spectroscopic data, no EPR distance measurements on aS 
fibrils have been reported by other groups. In the present 
study we illustrate how an optimized sample preparation has 
provided large signals in EPR distance measurements for 
several selected mutation sites. The result permitted to exploit 
a labeling strategy to measure distances between largely 
conserved p-strand regions and to obtain vectorial informa- 
tion on the spatial arrangements of the labels within the 
strands. The distances and two-dimensional coordinates 
reported here provide new long-range restraints for the 
structure of aS fibrils. 

For distance measurements with EPR spectroscopy we 
employed pulsed electron-electron double resonance 
(PELDOR) also called double electron-electron resonance 
(DEER), a method frequently used to gain structural 
information in proteins and nucleic acids in a range of 2- 
8 nm.'"* '''^^' Experiments were performed at Q-band fre- 
quency (34 GHz) to optimize the spin sensitivity by main- 
taining reasonable modulation depths. Details on the 
PELDOR/DEER experimental setup are given in the Exper- 
imental Section (see the Supporting Information). In dia- 
magnetic proteins, such as aS, the experiment requires the 
insertion of two spin-labels, most commonly the nitroxide 
derivative MTSL'^"' that is reactive to a cysteine side-chain by 
formation of a disulfide bond. To detect intramolecular 
distances within the fibrils, cysteines were introduced pairwise 
in the monomeric protein by site-directed mutagenesis 
(Supporting Information). Moreover, intermolecular electron 
spin-spin interactions were suppressed by properly diluting 
the labeled protein with the wild type (wt) during fibril 
formation. In a first step, the double MTSL-labeled A90C/ 
S42C mutant was selected to optimize the dilution conditions. 
The aggregation protocol was previously reported''^' and is 
described in the Supporting Information. In all samples, the 
aggregation kinetics was monitored by the Thioflavin-T 
(ThioT) fluorescence assay and the morphology of the fibrils 
was characterized by electron microscopy (EM). Room- 
temperature CW-EPR spectra were used to verify that the 
spin labels were magnetically diluted and immobilized in the 



fibrils. We performed a series of dilution experiments of 
labeled versus wt protein at molar ratios of 1:10, 1:20, and 
1:40. Each sample at a given dilution was divided into three 
batches that were aggregated in parallel under identical 
conditions. 

At increasing dilution we observed that differences in 
fibrillization kinetics and PELDOR/DEER modulation 
depths between parallel batches of samples were systemati- 
cally attenuated (Figures SI and S2). As expected, these 
measurements appeared to be most sensitive to both dilution 
and aggregation conditions. Data analysis revealed unambig- 
uous intramolecular distances only for samples displaying 
clear dipolar oscillations (Figure S2c). In these samples, the 
A90C/S42C mutant yielded a reproducible distance of 3.9 nm, 
which is consistent with our previous data'"' but in much 
higher quality. Considering that the optimal dilution ratio 
likely depends on the specific mutant, we first prepared all 
subsequent mutants at a ratio of 1:30 and in three parallel 
replicates. Samples that did not show modulation at this 
dilution were prepared at a second dilution of 1:50. 

Double spin-labeled mutants were constructed to mea- 
sure distances between conserved p-strands. In Figure 1 the 
selected labeling positions are displayed within the amino 
acid sequence and the reported P-strands. For each distance 
one label (reference) was inserted in either one of the 
extremal strands. A pair-labeling strategy was employed to 
infer the side-chain direction of the spin label within one 
strand and to report about the spatial arrangement of the 
labels and the strands. In the simplest case, this is accom- 
plished by detecting two distances from one labeled residue to 
two adjacent ones, respectively. As the direction of the amino- 
acid side chains is alternating with respect to the plane of the 
p-strand, the two detected distances depend on the displace- 
ment of the third spin label with respect to the direction of the 
P-strand (Figure S8). From these two distances rfj and ^2 as 
well as the distance between neighbor labels in the p-sheet 
Az', vectorial information about the location of spin label 3 
can be defined according to Equations (1) and (2). 

X = COS a ■ x'— sin a ■ z' z = cos a ■ z'— sin a ■ x' (1) 

z' = -rfi-cos/g + Az'/2 x' = ±^/d^^l^^^^^^^ (2) 

where (x, 0, z) are the coordinates of the third label with 
respect to labels 1 and 2. Here, a planar arrangement of the 
labels is assumed as a consequence of the characteristic cross- 
p sheet structure of the fibrils, in which P-sheets of the 
monomers stack in planes perpendicular to the fibril axis, (x', 
0, z') are the coordinates of the third label in an intermediate 
frame with the z axis along Az'. Employed vectors and angles 
are defined in Figure SB in the Supporting Information. We 
note from Equation (2) that two symmetry-related solutions 
(coordinates) exist for each pair of measured distances. 

Measured dipolar oscillations and extracted distance 
distributions are presented in Figure 2. Mutants of residues 42 
versus 90/91/92, all located on the two extremal strands, lead 
to observable dipolar oscillations. The modulation depth was 
most pronounced (up to 8-9%, this latter value also found 
with our Q-band setup in doubly spin-labeled model systems) 
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Figure 2. a) 34 GHz four-pulse PELDOR traces after background sub- 
traction and the fit (black traces) of aS double mutants diluted in the 
wt protein at 1:30. b) Normalized distance distributions, P(r), obtained 
from a fit using DeerAnalysis.'^^' The asterisks (*) indicate most 
probable distances, c) Scheme showing the observed distances 
between two P-strands containing the spin-labeled residues. The 
directions of the MTSL side chain within (5-strands are also depicted, if 
known. Experimental parameters: Shot/point (SPP)=50, shot repeti- 
tion time (SRT) = 1 0 ms, acquisition time = 24-36 h per trace. 



for 90/42 but more shallow for the other two residues 
reflecting more heterogeneities in the latter cases. Three 
main distances could be determined at 3.9, 5.0, and 4.0 nm, 
respectively. The shorter distances for 42/90 and 42/92 with 
respect to 42/91 are consistent with an alternating direction of 
the MTSL side chain and indicate that the latter points toward 
residue 42 at position 90 and 92 and to the opposite direction 
at residue 91. 

The similar main distance for 42/90 and 42/92 (3.9-4.0 nm) 
strongly suggests an arrangement, in which the labels at 
residues 91 and 42 are almost on stack (Figure 2c, first row). 
A more explicit model calculation of the spin label coordi- 
nates at residue 42 versus 90/91/92 is illustrated in Figure 3 
(top, left). Knowledge of three distances allows us to locate 
residue 42 within a region centered at (x,z) = (—0.8 ± 0.5 nm, 
—4.4 ± 0.5 nm) with respect to the origin, which is set between 
Ca of residues 90 and 91. Symmetry-related solutions can be 
discarded because of the requirement of fulfilling all three 
distance constraints at once (Figure 3). If we additionally 
consider our previous distance measurement of 4.5 ± 0.5 nm 
for residue 41 versus 90,''''l this distance is consistent with 
residue 42 pointing inside the p-sheets core and vice versa for 
residue 91 pointing towards the outside. 



From the three MTSL-labelled double mutants prepared 
between residues 90 and 53/54/55 in the next inner (S-strand, 
only A90C/T54C revealed clear dipolar oscillations (Figure 2, 
second row). For the other two mutants the modulation depth 
was less than 1 % also after increasing the dilution ratio to 
1:50. The weak signal of these mutants likely arose from 
intermolecular interactions, as shown by a comparative 
experiment with a single labeled sample (Figure S4). A 
similar situation was encountered for the adjacent mutants 
in the third inner strand, i.e. at residues 64 and 63. Only 
mutant A90C/T64C led to detectable dipolar oscillations 
(Figure 2, third row). Again, a higher dilution did not recover 
the signal of A90C/V63C. The results underline the difficul- 
ties in obtaining reliable signals for all mutants in fibrils, a fact 
which strongly depends on the site of mutation. Nevertheless, 
the signals for mutants A90C/T54C and A90C/T64C were of 
high quality and reproducible in almost all parallel batches 
(Figure S5). A sharp short distance of 2.3±0.1nm was 
detected for pair 90/54 and a longer one of 2.7 ± 0.3 nm for 
90/64 (Figure 2, second and third row). Although the ori- 
entation of the MTSL chain remains unknown the result is 
striking as residue 54 is further remote in the sequence from 
90 than residue 64. This information provides important 
constraints for a possible fold as discussed below. 

The strand containing residues 75 and 76 is of consider- 
able interest because of its large extension found in most fibril 
preparations (Figure 1). The mutual arrangement of the last 
two strands likely determines one dimension of the sub- 
filament. To detect a distance between these strands we 
constructed a pair of mutants containing residue 91, which 
points outside the core (see above), versus residues 75 and 76. 
We chose residue 91 instead of 90 as a reference to obtain 
longer distances (>1.8nm) that are possibly detectable by 
our method. For these two mutants, very similar dipolar 
oscillations and distance distributions were observed 
(Figure 2, fourth row). The same main distance to neighbor 
residues suggests a lateral displacement of residue 91 with 
respect to 75/76 along the direction of their (J-strand (Fig- 
ure 2c, fourth row). An estimate of coordinates using 
Equations (1) and (2) and the main distances of Figure 2 c 
leads to two possible symmetry-related solutions, that is, 
(xi,zi) = (2±0.5nm, -0.7±0.5nm) and (^2,22) = (-2 ± 
0.5 nm, 0.7±0.5nm), as illustrated in Figure 3. The lateral 
displacement corresponds to the space of about six residues, 
the perpendicular one is on the order of or less of the X-ray 
diffraction distance between stacked |3-sheets. 

Finally, the measured distances are summarized in 
Figure 3 (bottom) as a function of the labeling position in 
the sequence. The distance of 4-5 nm between the extremal p- 
strands could in principle accommodate up to five P-sheets in 
parallel stack, as previously proposed by Vilar et al.'"''' 
However, our data provide more constraints. Starting from 
the strand containing residues 90/91/92, the short distance 
(2.2 nm) from 91 to 75/76 requires a turn between these 
strands. Further, the observed displacement between resi- 
dues 75/76 and 91 appears on the order of one size of the 
subfilament (about 2 nm) observed in high-resolution cryo- 
EM. It could indicate that these residues are located 
towards the extremal of their respective strands. The next 
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Figure^. Top: Coordinates of MTSL at residue 42 versus 90/91 /92 (left) and 
residue 91 versus 75/76 (right) using Equations (1) and (2), the coordinates of two 
adjacent labels, and main distances from Figure 2. Distances between the adjacent 
Ca of MTSL were set as 0.35 ±0.05 nm and MTSL chain extensions with 
0.5 ±0.1 nm. For residue 42 versus 90/91 /92, the three distances were analyzed 
pairwise and the corresponding solutions are plotted in different colors. The 
overlaying solutions are satisfying all three pairs of distances, as marked by 
a circle. Bottom: DEER distances as a function of labeling position within the 
protein sequence. Error bars correspond to twice the standard deviation from 
distance distributions. 



observed distance between residues 64/90 becomes longer 
(2.7 ± 0.3) nm but the subsequent one 54/90 is shorter again 
(2.3±0.1)nm, Figure 3. Here the uncertainty about the 
direction of the MTSL side chain prevents detailed conclu- 
sions on the Ca-Ca distances. Nevertheless, the distance 
pattern strongly suggests that these distances are similar and 
that the two inner strands containing residues 54 and 64 might 
not stack in parallel and could arrange in a more complex 
fashion than proposed by the five (S-sheet sandwich model. 

In conclusion, the successful detection of multiple EPR 
distances combined with the pair-labeling strategy presented 
in this study provided a considerable number of long-range 
constrains at the molecular level on the fold of aS in fibrils. 
This represents a step towards a high-resolution structure of 
these fibrils, which will require input from multiple spectro- 
scopic techniques combined with sophisticated molecular 
modeling. Moreover, detection of interstrand distances in 
fibrils will potentially allow for extending these measure- 
ments to oligomeric states of these protein families and obtain 
structural information on their role in protein misfolding. 
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